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Abstract 

Most animal studies conducted to determine the bioavailability of lead have. in the past. employed rodents or lagomorphs 

as experimental models. In this paper issues and data are presented which raise questions and uncertainties about 

employing rodents or lagomorphs for investigations into the bioavailability of lead. These issues include: (1) the possible 

role of coprophagy and feeding behavior in reducing estimates of lead bioavailability; (2) anatomical and physiological 

differences related to coprophagy which may influence estimates of lead bioavailability derived in rats or rabbits: (3) 

evidence lor relatwely high biliary -excretion of lead by rats and rabbits; (4) the possibility of a strong developmental 

component to the active transport of lead. The importance of addressing these and other questions in studies designed 

to determine the bioavat1ability of lead is discussed. 

Introduction 

Multimedia exposu~ of children to lead is recognised as an 
health problem of international proponions, Ingestion of soil 

and dust incidental to hand to mouth activity presents one of the 

principal direct pathways for exposu~ to non-dietary lead in 
areas with significant soil contamill6ltion. Environmental lead 
contamination derives from a variety of sources including lead 

based housepaint, auto emissions, smelter emissions, 

wind-blown tailings or mine wastes and mine waste deposits 

which have been used for residential development or have been 

redistributed as fi II materia.l in such :lrC<1S. 

Rccent.ly, a debate regarding the relative bioavailability of 

IQd from different sources has developed (Sleele er aJ .• 1989). 

In particular some indirect evidence has been inu:rpreted to 

suggest that the bioavailability of lead from mining/milling 

operations is signific::mtly less than that of lead from other 

sources. A p~liminary ~view .of issues peru1ining to lead 

sources and their bioavailability h:ls been presented by Ch:mey 
tt al. (19R8). As is evident from this review, a gl"c:lt dca.l of our 

pn::scnt information on lead bioavailability is b:1sed on animal 

~ics which used rodents as models. Regardless of the species 

employed. such studies arc mostanfomuuive if issues pen:1ining 

to particle size. metal spec~Lion and chemical matrix ~ clearly 

add~. 

In response to the issues r:uscd in the above-cited papers, 

• Sludy of the site-specific bioovail:lbility of lead in mill tailings 

ha.~ been conducted (L:lVelle t:t aJ .. IIJIJI). It bec:lme apparent 

during the study design p~ that many issues relevant to the 

rat or r;~bbit models for lc:1d baoavail:~bility had been 

•ll:ldequately addrcs..;ed in the late.r:nun:. ThiS p:2per will present 

a brief ovcrvaew of these issues. It as hoped that the inform:~uon 

v.ill :l"-~lst invesuptors in the desa~:n. conduct and IDLCI'?fet;Juon 

of anun:~l studie~ on baoavailabahty of ingcsu:d lead. Whale the 

T a whom COI'Tcspon<Jc:nc:c should be ;oUdrc:sscd. 

mau:rial presented has panicul:lr importanee for individuals 

imeresu:d in studies concerning the less soluble species of lead 
such as might be associated with mining, milling or smelting 

operations, much of the tnau:rial presented is applicable to other 
forms of lead as well. 

Definitions of Bioavailability 

Definitions of bioavailability via the gastrointestinal tract or 

other routes may t:l.lc:e different forms depending upon the 

laboratory procedures employed and the CJtperimental intent of 

the investigator. Ph:umacological defmitions of bioavailability 

generally consider t.he area under the blood concentration vs 

time curve (AUC). Using this method, whole blood 

concentr.ltions of the "enobiotic in question ~ plotted vs time 
following ingestion and are then compared with similar plots 

follpwing intravenous administration. The ratio of AUConi to 

AUC; .. times 100 is then taken as a measure of percent 

absorption of the agent. An underst:lnding of presystemic 

elimination (i.e. net CJtcretion into the alimemary tract) in the 

:~nimal model employed is import:lnt in in!Ctllrcting estimates 

. of bioav:Ulability using the AUC technique. Thorough swdy of 

sysu:miclly c.lelivercd lead can provide information reg:uding 

lr.lllSepithelial elimin:1tion into the alimentary tr.X:L A f.X>tent.ial 

limitation of t.he AUC teChnique is that it provides litt.le 

information ~g:uding non-linearnies in the absorption vs time 

curve over the subchronic or chronic time fr:une. 

Other· definitions of bioavailability involve total mass 

b:li:mce wh~. for example. total chem!;::1l cxcrcu:d an unne 

:1nd f~cs :md total retained in t.he body ~ measured. Such 

studies ase most useful when :lbsofl)uon kinctacs arc cono;adered. 

Ste:lt.ly-st:~te blood levels n:.xhed afu:r muluplc uo~mg may be 

used as :m indictoJr of bioavaal:lbility. Bi001vaalabahty maght 

thCn be csu~Lcd as chemtcal m unne pl11s chemacal n:t:uned 
in the body davtJcd by the tOl:ll chcmacal recove-red. At:ltn. 

k.nowlaige of net cxcrcuon mto the ahment:lry tr.lCt .,.. c~<;CnU:Il 

to xcur.11e esumauon of the :unount of chemacal at'tli.Orl"led. 

t S~cial iss~ LIICorporaurrg tilt fror.udut~S of tht Symposuun orr tilt BiOIJYOliabiliJy a.n.d Ditlary f..J:poslVt of Lt:ud. 
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Measures of bioavail3bility using AUC methodology 

should be dasunguashed from whole-body upt.alce of lead 01' 

other measures of cumul.:luve body burden. Closely sp:!Ced 

me.a.suremcms usang the AUC methods can provide detailed 

kinetic anformataon concenung absorpuon and elimination of 

lead from t.h<: blood. On the other hand. mass balance studies 

may provide some indication of accumulation of compounds 

such as lead after .repetitive exposures. Coupled wir.h tissue 

analysis for accumulated lead. mass balance swdies augmem 

our undemanding of lead distribution. One area ~uiring 

further research concerns the kinetics of distribution and 

mechanisms anvolvcd wir.h accumulation and release of lead 

from conial and u-abelcular bone. A thorough investig:llion of 

bioovailability might include both types of mc:l.Surcs. especially 

for a toxicant such as lead which ;~ccumul:ucs during chronic 

exposure. 
B ioav;~ilability at r.he level of the ~.argct cell is, of course, 

independent of meul species or matr}x but may present 

particularly imcrcsting and complex expcrimcnt.:ll challenges. 

·Cellular investigations h:lve shown th:lt toxic met.:ll ions may 

bind wir.h and alter blood cell membmne structure ana function 

(Weis and H:IUg, 1989). X-ray microprobe analysis has shown 

qualit.:ltivcly that synapLOSOmal mitoChondria may accumul:ue 

lead (Silbcrgeld ct al .• 1977). Qu;~ntit:llive estimates of 

bioavailability at the level of the miux:hondria wouLd further 

our understanding of the mechanisms of lead neurotoxicity. In 

vitro work has shown that. while much circuLating lead is found 

bound to erthrocyte membranes. these cells may-be limited in 

their binding capacity (Barton 1!1 al .. 1980). This may h:lve 

imporunt implic:uions for lhosc interested in modelling r.hc 

biokinetics of lead distribution and dose at the wget orga.n or 

tissue. Due to the pot.ential satumtion of crthrocyu: binding 

capacity. and the re.<>ulting nonlinearity oi the whole blood tO 

plasma ratio, care must be taken when i ntcrpreting 

bioavailability studies involving large doses of lead. For 

example, elimination of lead may be more mpid when l:lrge 

doses are administered with a concomitant reduction in the 

proportional dose retained at a t:lrgCt site such as liver, bmin or 

bone. · 

Choice of the Animal Model 

Toxicological data derived from animal studies is often used for 

the pWJXlse of extrapolation to humans. Only rat1:ly is human 

low-dose exposure data of adequate quality and quantity 

available for risk assessment purposes. In lieu of adequate 

human ~ta. choice of an animal model is the initial and most 

crucial step in the conduct of c:Jtpcriment.:ll investigations for 

the purposes of undersunding rclcv;~ncc to humans. All 

subsequent assumptions regarding dat.a interpret.:uion and 

extrapolation will rely upon the depth of ur.dersl:lnding which 

t.he investigator has regarding the model employed and its 

physiological. phannacolcinetic and biochemical -similarity to 

humans. The USEPA acknowledges the imporunce of the 

model choice for the purposes of cxtr.lpolation to humans 

(Barnes and Dourson. 1988). 

"Presented with data from several animal studies. 

the risk assessor first seeks to identify the animal model 

which is most relevant to humans, based on the most 

defensible; biological rationale.· _ 
-.; ~ 

Some considerauons to be add.res.sed whc:n choosmg a.n 

amrn.al model for studaes of bioavailability of lead (Pb) will be 

presented an three c.at.egones. First. behavJoral char.lcterisucs of 

the expenmental animal model will be mtroduced. Secondly, 

anatomic:ll considerauons will be addressed. Finally, the 

importance of physiolog~c.al and biochemical differences will 

be discussed with particular focus upon developmental change$ 

which are espcci.ally critical when assessing the bioavailability 

of lead. It should be recognised that. while it is convenient for 

r.hc purpose of this paper to address each of the above as 

separate aspects to be considered when choosing an animal 

model. none should be considered in isolation. 

8 t:havioral considt:raJions 

Rodents such as mice and r.Jts. which arc commonly employed 

as models for extrapol::u..ion to humans. arc altricial species 

auaining an ability to thermoregulatc at approximately 20-~ 

days of age. Recent studies indicate that rodents may return to 

a state of thermal lability following exposure to heavy metals 

including lead (Watk.in~n and Gordon, 1990). In response to 

xcnobiotic insult. r.Jts cnaploy bor.h bchaviOI'al and physiological 

mcch:lllisms to lower body core temperature thus aucnuatins 

both the absorption of xenobiotic and the tOxic response while 

incre:l.Sing potential for survival (Gordon. 1991). 

Innate feeding t>ehavior can greatly innuence the 

bioavailability of lead. The presence of food in the ~1omach can 

clearly influence absorrJtion of lead in humans (James l!t al., 

198.5; Rabinowitz t:t at.. 1980). Rodents and lagomorphs are 

"continuous feeders" (Bivm ct aL. 1979). Due to such 

continuous feeding habits the stomach of the healthy rabbit is 

never empty (Kraus I! I al .• 1984 ). Continuous feeding bchavJou:­

allows for mainlCllllnce of gastric nora! growth required by the 

rodenLS and lagomorphs for digestion of cellulose and lhe 

release of essential nuuients and vit.:lmins from plant matem.l. 

lt follows lhat both continuous feeding -displayed by these 

experiment.:ll species and the presence of gastric flora may serve 

as a buffer for gastric Ouid. Additionally, the presence of food 

and flora in the rodent or lagomorph stomach as.~urcs the 

continual presence of ligands for ionic lead in the form of 

negatively charged proteins. phytates and other phospholipid. 

Such adaptive behaviour and physiology by rodc:nLS may rcdu.:: 

the gasuic dissolution of all forms of lead and other mcul~. 

hence gre:uly reducing measurements of met.:ll bioavailability. 

By contr:l.St. canines and swine. like humans, tend to ingest 

periodic ·meals' which arc followed by gastric emptyin~;. 

Complex regulation of g:JStric emptying by neural and humoral 

mechanisms assures th:ll delivery of gasuic content~ to th:: 

duodenum docs not c:Jtcecd the body's c::lpacity lO emul5ify and 

process these contents. 

At this. writing, estimates regarding the amount<; of soil 

which children ingest and the times of ~y during which such 

events misht occur are. at best. uncertain. It is likely !Jut 

children are more exposed to environmental lead bctwcc.n. 

rather th:ln during. meals. Modelling the maximal expMurC 

which might reasonably be expected tO occur by a<;,c;.c.<;.-;in!: -

bioavailability of lead-l.:lden soil or or.hcr media on an empty 

stomach is only possible in species with pcnodic feedin& 

behavior. 
Rats and rabbits re-ingest fecal mauer a<> an adaptive 

mechanism allowins for the digestion of cellulose and lh:: 

absorption .oi. essential nutrients and vit.amins from plant 

.. · .... ·-.. ~:;-;-·...,...:<~..:;.:;: 
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F~gure 1 Sc~mmic represelllations of cht! ro~Unc suJmach: 
(a} Diagram of areas of the mu.cous mtmbrane in the rat 
swmach: (I) cardiac region: (2) cwaneOILt (nonglanduiar) 
area: (3) line of transicion from cwaneous co glandular 
mu.cous mtmbrane: (4) cardiac glandr.Uar region (1/ebtl arui 
Stromberg. 1976). (h) In the rabbit .aomach ingested food is 
located in 1~ pyloric region (I). Re-inge.tted fecal pellets are 
locau:d in the large fundus (2j where chcy remain separatt!d 

while Jt!rmtntation proceeds. 

Ftgure 2 DeYelopmerll of active calciW11 transporc in the rar 
Small inu:stine as mtasurtd u..ting situ ligated dl.wdt!nal 
loops. At ]4 days of age (2a) calcium absorption occurs 
predominantly via passive diffusion across the bri.Lth border. 
At 18 dllys (2b) che initial developmen.c of ar:ti ve cransport 
mtchanisms is evidenced by curvilinear kinetics oft~ 
absorption curve ar low dose and non-teru intercept ar che 
ordinate. In the 26 day old rar t2cJ both active (curvilinear) 
and passive (linear) components of ell<~ r:alr:iwn crans(Jorr are 
evident. From Do.ttal and Toverud ( /.Y.~) with permi..tsion. 

material (Morot, 1911; Eden, !940). This coprophagic 
behaviour displayed by rodenLc; and lagomorphs cre:lleS 
problems for accurate determin:nion of act~l or relative 
measurements of bioavailability. Coprophagy introduces 
complications in lhc rodent model system since both esscnual· 
nuuicnLc; and lead lllliY be recycled (Thompson and Worden, 
1956: Fullmer an~d Rosen. 1990). Withou·t tedious and const:~nt . . . . . . -~ . 
momtonng of the cxpcrimcnt:~l rodem. lhc invcsti~::ator Cln 
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Tahlt' I (r,,:,n.ruon of rnc atJ<oiure and reca:cw· s:.vrU.cc a"a.1 of tnt: aJJs,or,nuve "gcons oj rne ;:asrrocnres:c=l 

rra_·:.l ,,,·,u,..cn.< an.1 Ra:.1. From OeS(!50 ar.d Ma,·cs I /98Y> wuic {'crnu.lscvr.. 

H~.:m:JJl 
k:!t 

Atholutc RcllliVC AbsoluLC Relative 

)Urt ace sun· ace surface surface 

" 
" 

at..:.;J (.m") area 
Jica (m") arc;J 

R.:~IOil 
ITC!'IOnlbo<Jr) 

(rcgcon/bOOy) 

B~>d~ 
U!S 

0.~5 

SlOmoc:h· lJ.0525 0.03 
T8F' TBF" 

Small cntc~tl n,· 2(lt I IOH 
l.OU 

.,., 

Ducxlcnum 
J'}b 10.3 

O.Ol:l I. X 

k.Jununt 
I3o.6b 7~.9 

O.':.lU J<).X 

Ileum 
.::.~\, 22.9 

0.02 0.4 

• TBF = To tx: found. 

• b Calcula!ed usmg the d.:ll.l in Snytkr er.al. (1975). :md proportion of mucos.JI ~urfJce arc.a 10 length of intestine as 9ltl. 

' Calcul:lLCd usin~ the <b1.1 m Snyder et al. ( !975 i. :l!IU proportion or mucosal surf JCC area to length a:; 20:!. 

dcficiency.known to m!luence absorptllln ofle.1d (M:ili:~ffcy-Six 

and Goyer. 1970). This e,;.periment.ll problem is greJtly 

~.·ompoun11cu t>y th,· r.ll' s incrc.ascd ::aJl;.l::ity for bi!i:ll'}' cxm.:tion 

of lead discussed loter in this paper. 

Gastroin!cstinal anmomy and acid Jecretion 

Discerning the role of g::~sltic ::~cidity in the biOJ\'.lil:lbility of 

-.-arious lead specie~ is comple,;., bpcrimcn~l b::~clc
ground to 

fully undcrsund the solution chemi~u-y of me1.1ls in the SIOm:lch 

and anterior smallmtestinc is not yet avaiiJblc. Active: t.rJnsport 

systems for calcium may also trJnspon Pb across ·Sltong 

elcctroehemical gr::~dicms in the :mtcrior smallmtcstine shifting 

the solution chem1slty far from equilibrium. As· discussed 

abo\'e, the presence of g:~suic comenL~ provtd
~~ ligan;Js for 

div.Ucm metal ions, potentially influencing the bioavail:lbility 

of lead across the ga.sltoimest.inal ltact. For these rc:~sons, 

equilibrium or pseud~uilibnum models of gasltoimestin:ll 

solution chemistry ate. at best. simplistic models with limiu:d 

usefulness for the predicl.ion of bioovailability. Experimental 

approaches to answering the quesuon of the role of ga.strie 

contents might involve controlled comparisons of 

itioavailahilit y in· the prc.c;cnce :md ahscncc of gasltic cements. 

Ga.<~trointcstinal an:uomy of the rodents ~s evolved to 

allow for digc.~tion of plant m:uerial (Figure l J: Spcci;Jit:lztion 

of gastric anatomy to accommodat~: th~ dtgcst.ion of pl:~m 

m:uerial may be e~pected to influence dis$Oiution of less 

soluble meul s:JIL'I in the Stomach sut:h a.-. those found in mining 

rcbtcd wa~tc. Fi:;urc lll depit:lS a schcmati: ltJ::in!.! from a 

s:l!_:itL.:ll section. through a r.lt StOmach. l.inlikc the hum:m or 

swine stom:~ch. the rodcnl possesses a relatively lurge 

aglandul:ll' forcstom:~ch with rumen-like mucuS:!! folus. The 

forcl\tomach in both rats :lnd rJbbiL~ is covered with :l ~trJtifiet.l 

squamou., epithelium which serves pri~tril>' as a re:;cr.·oir for 

!!3~lric florJ and rcingestcd feces (Figure l bt Tho: forestom:~ch 

of the rat anJ rabbit is devoid of acid secreting C.1p<~city. This 

is in sh;.~rp contrast to the human stom.1ch wh~eh is 

predominantly glanctul:1r :md devoid of indigenous llorJ. Tile 

acid sccreung region of the rodent stomach ·is re~ltU:tcd to a 

·sm:lller arc.:J antenor to the pylorus. While liule empinc:JI 

- ~·~ 

m1orm:1tion IS av:~ilablc rcgJrding the mu:rspcc1es dif!crcnces 

in tot.:tl ac.:id secretion. such differences might play a significant 

TL'k in lc:1tl biu:~vailabili· y. Funher research mto t.his import;Jnt 

are:1 should be encour::~g~:d. 

Acid secretion by human rmict;U cells is rq:ulated by a 

variety of nervous and honnon::~l stimuli (Kutchai. 1983). 

PhysiologicJlly signifieam stimulants for acid secretion include 

acetylcholine. g:lStrin and his1.1m1ne. Acetvlchohne mav tx: 

released by vag:ll ael.ivity or by mtr.unuc~l rellc,;. ~ting 

directly on the panetal cell. G.1.~ltm release IS mediated by 

pcptides or amino xids in the stom:1ch. Disunct histamine 

receptors have been locmed on. p;.~neul cell membranes: 

however. the e,;.act mechanism for h1st.arnme rclcac;c is not clear. 

In :lll c:1ses. sl.imulation of gastnc a.::cd .o;ccreuon impinges upon 

the gmndular portions of the ~tom.1ch In rodents the glandul:lr 

regions of the stom::~ch represent a rclauvcly small portion of 

the overJII gl::~ndular tissue in comp;ltl!;On w1th humans. 

ln gcner.ll. four e,;:pcrimcnt.:JI arpro.xhcs to detcrn'linmion 

of acid secreting capacity h:Jvc hccn arphcd. Mca~urements of 

pH of gaslric contents have lx:cn u-.cd 10 detect acid secretion 

c;tpacity but this technique 1s ul\.lNc tll rrov1de mformation 

.1bout qu:111tities of acid sccrctcJ '" =r 11mc or ocid secretion set 

poinLS (G:~rzon, 198:!). USSIIIO: ch;Jmt'<:rs nav.: bcc:n used az 

e,;:pcrimental techniques aJio.,. '"~ lor mc:~surcment of bas:l1 

<~cid secretion :md in vitro rc~f".,...._. LO numeral sumuli CDucro 

~~ al.. 1981). Techniques '""''""!= j:-1'lfiC pylorus ligation 

(lkczaki and Johnson. !9ti:'' .11\J • , ot111nuou~ s:Jiinc perf u.<~ior. 

(Ackcrm:~n, In:!) l1;1vc also tx-.·n o~f'Pil•:u to tile study of g.1stn:: 

acid SCI."TCLion. These mucr ~~ .. nn'-4"'' •ntmducc the undesirJI:Ilc 

expcrimcnt:ll v:~ri:~blcs of rctk' .... •<l .... -ncllon ;1nd anethe~i:1 

rcspecuvcly. 

Liulc comp:~.r:~ti\·e infNmo~ll(•
n rcprd•n£: the total p:lficl..11 

cell mass tn '':lriou.~ e,;.pcr1m~,·nwJ
 \f"CC 1cs 1s av01ilahle. While 

:~cid output m:~y be c,;.pccrcu 1u t'r:: J luncuon ol p;~rictal cell 

activity or cell den~uy. 11 IS U'\,· '"cr:~ll p:!TIC1.1l mass !hal be~ 

n:l:.llcs to a~,·id secretion durcnc o-·,,·lorment (Y01h<Jv. !9&91. 

Since g:~stnc at:id pi:Jys :1n •mronant role in the in11ial 

solubili:r.:1tion of v:~rious leJJ Sf'"ICS, animal model~ h:Jvut£ 

p;~riewl mzs similar to humam "'ould he the preferred choice 

. :.:-:-·"""!':~t~~~-; 
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Figur.e 3 Ch.anl'<:J in dUDd~nal calcium active tra.nsport, calbindin-D content and alkalin~ P,hosph.aras~ as a Junction of age in 

Spraguc-Da-..·/('Y rats. Parameurs wue rru:asurcci wmg everted dUDdcnalsacs and acrive calcium transport is prcscntt:d 

.terosalinW.cosal (Srt.IJ ratio of radiolabeled calcium. From Armhrec!u et ai. f 1979) with permission. 

for the conduct of meul bioavailability studies. This choice 

might be panicul.lrly 1mporunt for the investigation of lc:~d 

species soluble only under acidic conditions. 

Acti\'c absorpuon of IC:ld occurs at the anterior 'ponions 

of the sm:11! imcstmc. Relative length of major subdivisions of 

the small intc$tine in raL<; and humans is presented in Table 1. 

Large difference.-; in intcsun:~l h;n)!lh among vanous 

e:c:pcnmcnl:ll spcc1cs may be Cl.pcCicrJ w inllucncc both at:tive 

absorption of lead and cntcrohcpholtic circul:nion. 

Dcvt:loprrll'nt of ai>mrption mer.hanimLt 

Calcium is thou~ht to cross the intcstirul brush border by a 

variety of cncr_gy-rcquiring and energy-independent 

mechanisms. Reviews of this suh_1cct have been presented 

elsewhere (Wasserman and Fulmer. 111K3; Tovcrud. 1989) . 

Several in,·cstigators have proposed that Pb may slmrc a 

common transpon process with calcium (May:~ffcy-Six and 

Goyer. 1970; Smith cz at .• 111$1; Grudcn. 1975; BOJnun c:! al .• 

19781. These proces5CS m:~y involve: (I) tr • .msccllular routes 

which include the in"olvemcnt of the calt.:ildm binding protein. 

calbindin-0 (intestinal calc1um binding protcinl OJnd arc 

satl.lr.lblc Jt 2-5 mM calcium: (:::!) par:Jccllular routes which 

occur at higher conccntr:uions :~nd arc diffusion dependent 

d1splaying linear absorption kinetics and; (3) proposed 

vesicular tram;p<m mechanisms. C:~lcium binding proteins· 

in,·ol"cd 1n the :1~rpl.ion of CJ.lcium JCTOss the gut m:~y have 

:1 hi!;her aflinuy for Pb (Fullmer tl al .• 19X5). 

Comparati"c investigations into the ontogcn)· of the 

calc1um tr:msport process pro\'ide 1mporun1 insig.hts into our 

undersund1n~ o!" lead bioavailabiluy. Such comparisons arc 

csscnli.:ll to both design and mt.erprctation of bioa\'ailabihty 

swdics of lcad. Much evidence exists to suggest :1 link between 

dcvclopmcnt:ll stage and absorption of lc:~d in humans (Ziegler 

eta/., 197!1; Alexander ctal .• 1973; USEPA. 1986). 

Mccholnistic Wldcrsunding of the :1ge dependence of calcium 

absorption h:ls been most thoroughly investigated in r.d.ts (Dostal 

and Tovcrud. 198-:; P..msu ct al .• 1983: Armbrcctu. ct ai .• 1979; 

Moor.~dtan and Song; 1989}. Figure 2 presents the prup-e.ssive 

development of calcium absorption in lhc rat ini.C.Stinc. Active 

transpon mcch:misms for calcium in the g:l.<ilTOini.C.Stinal tract of 

the developing org-.mism p:lt:lllcl increased calcium requirement 

for growth of the long bones and development of muscle and 

nervous tissue. 11 is evident that in the pre-weaned rodcnL active 

Lr.lnsport plays a minir!llll role in the absorption of calc1um 

(Figurc-2a). Shonly post weaning. however. the maturity of the 

active transpon process is evidenced by the bi-pha<iiC nature of 

the dose vs absorrJtion curve (Figure 2b}. A distinction bclwecn 

active and p:lSSivc mechanisms for calcium u-.1nsport in the 

int.estinc arc evidenced by the· curvilinear (active) and linear 

(.pas.<iive) eompo11cnts of the do$C vs absorption curve. ln the 

low dose rJngc, active tr.mspon processes for calcium are 

domin:1nt (Fit;urc 2c). 

or !,'TC:lt signific:mcc for the conduct or hioavaii:Jbility 

studies for Pt_. is the OJbrupt termination of intestinal active 

transport ·processes for ealciui'T\ at maturily. ~Figure 3) 

(Annbrccht tl al.. 1979 with permission: Mooradian and Son~;. 

1989; Annbrcch1 i:r al .. 1980). Al maturity development slows. 

Epiphyseal plales arc scaled. The calcium requirement 

dsminishes. and the gastrointestinal tr.ln~-pon mcclklnisms for 

calcium respond accordingly. Figure 4 presents the relative 

growth and c.lcvclopmcnt of sv.·inc, rats and humans. Sexual 

llkllurity in the 1:11 occurs at approximately 7 wccks of age. This 



t·· 
~- ' 

J • •• • • • - - ••• - • .. _.. ~ • • • •• • .. ·- • .. ......... -

. ,, 

!/.~ 

It: -
•!.:. -
~4~ -

- 1:1 -
;;: 

10.: ,.... .. 
c: a.: -

! 
!.:. -- ' 

~ 
•J 

I 
1 

' -- "'- BA9l' 
-----;-- ":""""- .--,- -, 

I c 
10 t: 

Fi~ure -' Growth weight of rat, pi..: a11d human baby during 

the first year aftc:r /lire h. Birth weight = I. From Widdowson 

1]968). \\'=Weaning;!'= puberry. 

dcvclopmcnul m des tone in r:ns occurs concurr~ntly ~ith 

c..:ssation of active calcium (ranspon. Assessment of 

bioavailaoility dt~ring or following the ccssation of the active 

absorption compon.;nt is 1n;~ppropriat.: if an utidcrsl.:lmling of 

juvenile lead absorption is thc intended purpose of the 

investigation. 

The juvenile: population is clearly defined as the 

pc;pulation of most concern for exposure: to cnvironmen1.:1l lead. 

ll is likely that juvenile environmental exposure to Pb occurs in 

Lhe low-dose range where active transpon domirutcs the 

absorption proc:cs.o:;. If one presumes th:lt Pb and Ca tr.msport 

follow similar absorption kinetics. as the a,·ailablc evidence 

would Slrongly suggest. conduct of bioavail<~bility studies for 

lead must be conducted on juvenile org;~nisms. 

The role of bile secretion 

Fecal excretion of Pb via bile secretion and cnterohepatic 

circulation can vary widely aml!ng various experimental 

species. Species differences in bili<~ry handling of Pb may 

greatly influence measures of ab5olutc or relative 

bioavailability. Comparative invcsug:!lions of biliary excretion 

of lead in rats. rabbit.~ and dogs h:l,·c hci:n conducted by K~c;en 

and Shocman (1975). These invcsti~ations found profound 

species differences in the r<~tes or biliary excretion of lead. 

Rabbits were found to excrete Pb vi:1 the biliary route :11 r:ues 

approximately one-half th:lt of ratS. while dogs displayed biliary 

excretion rau:s less then one-fiftieth that of the r:1t. Important 

'physiological differences in biJi:uy excretion have also hec:n 

idcntilied (Erlinger. 19!!7). The bile ducts alter the volume and 

composition of the bile fluid prior to entry into Lhe di~esti\'e 

tract. Contribution of the bile dui.'L<; to overall bile !low is 

sil!nilicant in the canines and pnm:11es huL much S111;1ilcr in 

rabbitS, i.Jts and guinea pigs. Bile acid t.r.Jnsport in r.JL'I'appcars 

to be a saturable carrier-medi:ncd proces.o; (Strcmmel and Berk, 

1986). Investigations into the bioJ,·ailability of Pb should 

consider the role of biliary excretion and enterohcpatic 

circulation from a comparative pcr!'>pcctive if sound cstim:ucs 

ofbioovailability of lead in humans is the goal of the study. 

Lead b•oaYadah•lzrv 

Summ:.~ry 

The tssue ol !cad b•oavailabtllty rcma.tns an tmJXlrt.:lnt barrtcr 

to an understandtng of chtldhoou cxposure to th1s 

envtronmcnl.:ll h::z.aru. The mtcrruuonal J1Crva~1vcncs~ of the 

problem, the SCnSIUIIll)' Of the JUvenile JXlpulattOn and the 

app:.u:cm persistence of neurohgtc endroint.<; of lead toxicity all 

contobute to the need fur rcliJble csumatcs of leau 

bioov:~il:lbility. In ~:stablishmg csumatcs of lead btoavailability, 

toxtcolopsts arc obligated tu apply all av::tilablc informaL.ion 

TCJ:'!:ll'ding the COffip.lr.lUVC behavior. anatomy. physiology anu 

ph:~rmacoktneucs of the experimental model being employed. 

Much of the mlorm:nion avail:lble rq:ardmg the molecular 

mcch:lnisms ur le:Jd absorption and wxicology has Mccn dcnvcd 

from studies ~.:onductcd u.<;ing rodents. Some investigators hav~.: 

questioned the usc of rodent.~ for thc purpose of underst.anding 

the molecular aspects of lc:1u and calcium mctaholism due to 

uncer1.:1intics reg:.uding the cxtr.1pobuon to hum:~ns (Fulmer 

and Rosen. I ':1':10) .. Other investigators continue: to employ 

rodents for the purpose of unders~ding the ah"-<lrption anu 

distribution of lc:1d (Killinger. 1':190). 

Cost and diffi~.:ulty in handling arc clearly rccoguiscd a.~ 

real world constraints to the conduct of animal research. 

Regardless of the species employed to as:o;c.<;,<; the biokinetics of 

lead absorption and dislribution .. a comprehensive assessment 

of the model bcmg employed and its relevance to humans must 

be incorporated into esumatcs of bioavail:1bility. Wil.hout such 

an as.se£Smcnt. mis.~rcpr:scntations and missuoocr.;t.andin!;S of 

the bioav::t.il:1bility of lc:ld will be risked. 

We believe th:ll the weight of evidence suggestS th:1t 

studies of metal bioovailability, panicul:irly IC:ld bioavailability 

studies. conducted in rodents or lagomorphs should be viewed 

with caution. Evidence prcsc:nted in this chapter which justifies 

caution in Lhc interpreution of bioavaibbility swdies conducu::d. 

in rats and r:1bbits includes: (I) coprophagic and continuou.~ 

feeding behaviour of these model species; (2) difficulties in 

assessing important developmental aspccls of lead 

bioo,·ail:!bility in r.JtS and rnbbits. (3} evidence for rchni,·cly 

high rJtes of bile excretion of lc:~d in rat.~ and; (4! profuund 

anatomical differences between these species and human~. 

Beuer model specie~ ::tre rc:~dily available for the study of mel.:l! 

bioavailubility. More complete characteri7.ation of these 

alternative models 5hould be cncour.Jgcd. 

References 

Alexander. F.W .. Odvcs. H.T. ~d Cl:lyton, B.E. 1973. The ut~takc 

and c:xaetiun by childral nf lc::~u and other amtaminants: In: 

Barth. D .. Bc:rlin. A .. Engel. R .. Recht. P. ~d Smcct~. J. (aisl. 

Env~rotVN'rua/ 1/t:allh 1\sp«.l.f nf l.£ad: Pmr.ccditt)!.< of an 

/nUrNJliunal S_vmposiwn, pp.31 \1-331. Commi.<si<m of th~ 

Eurcpc::m Communities. Llucmhuurg. 

Adc.L"mm~. S.H. IIJ:-i~. Qnwgc:ny of !!:l.<ltic acid ~rctiun 1n the: rat: 

«=''idcnc..: r;,. mwtiph: rcspun...: sy~h:m!>. ScictiCc. U7. J5-77. 

Armbra:lu. H.J .. z..-n.,a:T.V .. Bruns. E..H. mu Davi~. B.R. IY7lJ_. 

Effect of':tgc on intestinal calcium lt:IIISport and adaptatiun L<• 

dietary calcium. Am. J. Phy.<iol .• 236(6). E76Q...774. 

Armbn:c:ht, H.J .. 7...cn.<cr. T.V .. ~s. C.J. and Davis, R.R. llJIIO 

A<bptiun 10 dicury calcium and ph~phorou!> n:.<tric:tion r.:han~c~ 

with :.asc in the r.11. Am. 1. Physiol. (E.ndoc:rinul Mcton. 21. 

E321-327. 

Bamc:s. D.G. ~d Dourson. M. IY!I8. Refc=ncc ck~ (RfDl: 

-.~~·~~:~..::._?; 
·-~-· 

; 

C.P 

c 
p 

B&ruJ 
0~ 

"" Bano 
c 

Bivin 

"' \l 
p. 

Ch:ul· 
IT 

\l 

A. 
p 

l..>.:Sc 
b 
p. 

f\ 
~ ... 

ci 
A 

DUL-n 

I 
F 

Eden 
&lin 

c 
c 

Fwlr. 
·L 

f. 
Fwlr 

l• 
Gan 

Gore 
r 

i: 

Hc:bc 

lkc1~ 

c 

lame 

Killi 
I 

Kuu 



!Jc:s<:np(ton and u.<~ 111 hc.lllh nu &SSc,SntcnU. f< tj;..J. "/ OJ.JCOI. 

p;,a~cCJI. X . .li\~S6. 

Rlr1or_ J.C .. CnnraJ. M.E.. Hamson. Land l"'ib')·. S. 1978. Ef(c.c::u 

of c.alcn._-n on lite aosorpuon &Md rcu:rmon of le.ul. J. 0W. Ciu. 

Mcd.. ~1. 36<'-:nn. 

Buton. J.C. 191\4. Kcu.:nuon of ooiolat><:lcd lud b:-< human 

aUvOC\1~ l11 v11.ro. ?ox.. Appl Pi-lormJJcol .. 99. )14-3::1. 

Bt,,n, W.S· .. Cr~"'·inrc.l. M.P. &l'ld Bre...-cr. N.R. 1979. 

Morphoohvsiolo~~·· in: Balc.c:r. H.J.. unduv. J.R. a.nd 

\l,.e1 s~Lh: S.H. ieds). TM Laborawry HaJ. Volume 1. Academic 

?rcss lnc .. J'iew York. 

Chane,·. R.L. Mte1~c. H.W . .and SLerrct1. S.B. 1988. Spcctalion. 

m~bility and b•03VJ.ilability of s.oil k.au. In: Davies. B.£. :and 

Wixon. B.G. (c:.dsl. [Muoi'V7tbtiai (;euchtrru.\lry Cll1d llt!aith. 

,\fOf\O~trarit Sene.< J. Lead in Sui/: l.~.,w:.< un.d Gwcklu•es. 

pr.10~-!JU. Sca .. -n.;.; Rc"iews Luniu:cl. l"orthwood. Engl.1J'K.I. 

l)..:ScsS<:l. J.M. and 1\\•vis. R.O. ~~~9. ldcnuf•cauon of .:ritical 

htolo~ical paramct~n 
affecting gaslrotntc.~unal absurption. For 

Arm~LTong A.:~pace 
Mt.:Uical Research l..-lbor:nory. ConLTac\ 

r-oo. 83615~7-~015. The MITRE Corpor:nion. Md.~.m. VA. 

Dostal. LA. and Toverucl. S.U. 19~. Effc.:l llf vitamin I.:)J on 

duodenal calcium tr&l'lspon in vivo durml> c.uly d<:velopmetll. 

Am.}. Pit.vsiol .. ~6. G52S-5~. 

Ducron. R. Oc'Jcux. J.P .. Garmn. B. Onoflu. J.P. an<.! Gcioso. J.P. 

1981. Acid sccrcuun in fct:U ral Slnm .. ~.:h in viLTO. Ant. J. 

Physiul .. z.JO. G20&-2l0. 

Eden. A. 1940. Cof"'pphagy in the rabbi1. Naluu (Land.). 145. 36-37 

Erlingcr. S. 1967. Phy~iulosy of bile SC<..'Tetion z:nd •. .-nLtroncp:uic 

circulalion.. In: Juhnson. LR. (oci.). Physiology of 1he 

Gastrui11UJiiNJ/ 1racz. pp.l557-15XO. Raven Prt:s.s. New York. 

Fullmer C.S .. Et;ic!sLcin. S. and Wasscrm'lll. R.H. 1985. 

L..c:.d·binding properties of insc:stin.:1l calcium binding pnxcins. J. 

Bioi. CNm. .. WI. N!1~19. 

Fullmer. C.S. and Ros-.-n, J.F. 1990. Effc.c1 of dietry calcium a.nd 

lad satus on inte~ti.lull calcium absorpsion. Env. Res .• 51. 91-99. 

G=n. B .. Oucroc. R. md Gcloso. J.P. 1~8:!. Ontogcnisis of gastric 

acid scaclion in Lhc fc:.W rat. PuiLul.r. H.es .• IS, 921-925. 

Gordon. CJ. JQ9J. Tm.ic-induccd hypothc::mia and 

hypometabolism: Uo they incn: .... <e unc:cnainsy in the 

ex~rapulation of loxicoluJ:ical daLl tram cxpc:rimc:m..J snim~s w 

human.~. Ncuro:sci. Biobeh.av. Hev .. IS. ~:'i-'.ll!. 

Grudcn. N. 1975. L;aJ and oaGLivc calcium ~nnsf-."1' lhrou~h Lhc: 

inLc:stinal wall in r.us. J'o;x;icolu~y. 5. 163-l 66. 

Hebel. R. and St:rombi.'Tg. M.W. 1~76. AnazUt?~.v of the LAboratory 

Rm. Williams and Wilkins Co .• Billumurc. MD. 

U:cz..aki. M. and John.•un. LR. 1983. Dcvdopmcnl of sc:nsiliviLy 1u 

diffc:rc:nl sccrctagn,;ue:;. in the r:u Slutnach. Am.}. Ph.v.tiul.. :z.J4. 

G16.5-170. 

James. H .. M .. Hilburn. M.E. and fll.Ur. J.A. 1985. Eff<:ets of mc:.:U 

and meal Lima on uplakc of lead from Lhc g:ISllOinlc:stin:U lr.ICl 

in humans. /(1Vf11tln Toz.icol.. 4. 401407. 

Killin!;cr. J. 1990. Soil dose. mining w:.stc. PrcscnLCd 111.: The 

· /n~;ul'llllional Sy'"f10Jium on 1he Bi0t1vtJiuwilizy tll1d Dic1ry 

E;:posu,.,: lo l.etJd. SI.."P\cmbcr 24-27. Ch:1p<:l Hill. NC. 

Klaassen. C.O. and S}Mx.-man. O.W. 1975. Bili:ay cxcn:tion nf 1~ 

in ~u. r.bhilS and dogs. To:z.l\ppl. PhD"" .. ~9. 4~.....£46. 

Kraus. A.L •• Wcisbrulh, S.H .. Fl:m. R.E. and Brewer. N. 19~. 

Biolo~;y and disca~~ of ~bbiLS: In: Fux. J.G .. Coll~:n. IU. :anu 

I.Jx:w. F.M. (c:d~J. L.abora1ory Allimal Medici~~~:. Acadcmic J>n:ss 

Inc .• J'c,.,. York. 
. 

Kwcha.i. H.C. 1983. In: Bcmc. R.M. ¥ncl Levy. M.N. (cdsl. 

Physiology. pp.771~794. C.V. Mu!lby Comp;any. St..u,uis. MO. 

Mmaffey. K.R. a"l Annest. J.L 1986. Anoci:uion of cnhruc:yle 

protoputphyrin wilh bloo<.l-lcad lc:vcl and iron sl .. :llu.~: In: The 

Second Na1ional Health and Nutrition E.xaminalion SUI"V\:y, 

1976-19XO. Envorrm. Re.., .. 41. J27-33ll. 

-.:.. ~ 

flO 

M~fcy·S ... K. a.n<l Goe'cr. R.A. !970. E.xpo:runcnt.ll cnhU>Cemcnt 

u( lud t.011CIIY b~ low d•ctf"< c..lcnl.IT1. 1. lAb Clift. Med .. 76, 

93~:. 

Mooud•:on. A. D. ltld Sons. M.l\. 1989. A~c-rcla~c:d alleraltoru 111 

duoden.ll ~alc1wn l1&11SpoTI tn r&U. Meclt. of A..-e•n~ CJ11<l fkv .. 

47. 2:!1-:!27. 

Morol. C.H. l ':J I l. S1om3.eh pc:lleLS m rsbbtLS. On their nature. orig111 

&l'ld funcuon. D...Jl. Soc. fil.Sl. 1'-al•.r. Autwt .. 24. 44-4~. 

Paruu. 0 .. Beli»Lon. C. Uld Bronner. F. !983. Oe"clormcnul 

chang.:s m lite mccharusms of duodenal calc•urn LTlll'l•p.m m Lhe 

tal.. Am. 1. Pltyswl .. 244. G20....:::.5. 

LaVelle. J.M .. Puppo:n~a. R .• Th;u:l:.cr. B .. Gic.~y. J.. Wc>s. C.P .. 

Olhoudt. R. :uld Vandcl"'o<oon. C. 1991. Bioavailabiluy of lead in 

minin): wa~lc and l""'d sulfide: "" oral inlubalion slwJ:- 111 )"'Wlg 

swine. ?we. lnurnatwna/ S,vm('(JJuun nn lhe lJwavadabiluy and 

Owry f..tpo.HIJ'C tv U:tUt. p. 10)·111 Scpu:mbcr 24-27. Chapel 

Hill. NC. 

R.abino"'·it:L. M.B .. Kopplc. J.D .. Wc:Lhcrill. G.W. l~!IU. Effc.cl of 

food inlaXC mt.J f:l.'ling on gastroUl\CSlinal lead lt1.-0I"flli11n in 

humans, Am. J. Clm. /l.'wr .. JJ. 1784-l7Kl!. 

Silbc:r;;eld. E.K .. Adler. H. and Costa. J.L 1977. Subcellular 

loc:.li7.Alion of !cad m synaJ'l(osomes. Res. Commw~. Civm. 

PalNJI. Pitormacvl.. 17, 715-72.5. 

Smil.h. C.M .. DeLuc:1. H.F .. Tan:U<:a. Y. an<.I.Maffey, K.R. 19!!1. 

Effcc::l of lead in!:<.:.Stion on functions of viwnin 0 and ils 

mcuboliu:s. J. Nwr .• 111, 1321-1329. 

Steele. 11-U •• Beck. B.D. and Murphy. B.L 1989. A.sscssmg Lhe 

conr.ribuuon from lead in mining wasteslo biood lead. A. Worlc 

producl by Gndienl Corporation pcriormc:d under con~l LO Lhc: 

Arco Co:U Company (rp\. 8~1.706). 

Strt:mmcL W. and Bale. P.D. 1986. Hepal.OCCllular uplakc of 

sulfubromophlhalcin (BSP) and bilirubin is sclcctively inhibilai 

by an antibo<.ly LO the liver plasma membrane SSP/bilirubin. 

binding prolc:in. J. Clin. lnwst .. 78. 822-826. 

Thompson. H. V. and Wurd<:n. A.N. 1956. 7'M Rabbil. Collin.s. 

London. 

Tovcnu.l. S.U. 1989. Calciwn absorption .and villlmin D function in 

l.hc: small inlc:stinc during development ln: Lcbcnthal. E. (ex!.). 

/f-..m Ganroinu.~tiltal Oeveloprn
en~. pp.471-486. Raven 

Press. Ne"'· Y alL 

US &wironmanal Prou:aioo Agency. Air Quality Criteria for Lead.. 

vol.lll. Ch.JO.Junc: !9i!fl. Hcporl No. EPA/600/8-83rU2RCF. 

Rcs=h Tri311glc Pa.lt. NC 271\H. 

Wasserman. R.H. ~~nd Fultm:r. C.S. 1983. Calcnun O"anSfKln 

proLcins. calcium abSQrptilln and vi1.-unin D. A1111. Rev. Pflysiol .. 

45. 375-390. 

Watkinson. W.P. and Gorgon. CJ. 1990. The labora1ory ral: an 

innappropriatc model for aa1te LOxicological s1udics~ 

Modulalion of the \OlloiC response via physiological mechanisms. 

Presented at: The 1'-...elftlt Conference of the U.ropean S<-ci.ety of 

Cf.lm('arit&ve Physwlcgy and DIOCMnVstry. Ailgusl 27-30 in 

Ut=:hL. The Netherlancl.s. 

W.:is. C. 111d H.:1ug. A. 1989. A111minum allered membrane 

dyn:unic:s in hwnan ra! blooci cell while ~,:h~LS. Thrombosis 

Res .. ~. 141-149. 

Widdnwson. E.M. 1968. The: place of cxpc:rimcnlal ammals in the 

uudy of hwn:u-~ malslutriliOI'l. ln: McCance. R.A. and 

Widduwson. E.M. (c:.cl~. ). CQ./nric Dcficicncte.f tll1d Pro1eur 

D.:{u:ienci~. pp. ~-Z36. l...iulc. Brown and Co .• Ru~lon. 

Y:ahil", J. 19119. l)c:v.;lopmcnl o{ p:~net:d cells, .cid =ctiun and 

response t.u scc.:rt:la~~ues; In: L:bcnthal. £. (c<l.). J/~UnQ~t 

G4<lrD<nl~liNII Dc•clopmel1l, pp.~ 1-35 I. Raven Pras. New 

Yurk. 

Z.:it;lcr. E. E .. Ed"'·arth. R.B .. Jensen. R.L. Mahcffey. K.R. and 

Fumun. S.J. I <J7l!. Ah!>orption 1111d rc1cmion of lead hy infanlS. 

Pcdiau. Rei .. 12. 29--34. 


